We evaluate the impact of sterile neutrino oscillations in the so-called 3+1 scenario on the proposed long baseline experiment in USA and Japan. There are two proposals for the Japan experiment which are called T2HK and T2HKK. We show the impact of sterile neutrino oscillation parameters on the expected sensitivity of T2HK and T2HKK to mass hierarchy, CP violation and octant of θ 23 and compare it against that expected in the case of standard oscillations. We add the expected ten years data from DUNE and present the combined expected sensitivity of T2HKK+DUNE to the oscillation parameters. We do a full marginalisation over the relevant parameter space and show the effect of the magnitude of the true sterile mixing angles on the physics reach of these experiments. We show that if one assumes that the source of CP violation is the standard CP phase alone in the test case, then it appears that the expected CP violation sensitivity decreases due to sterile neutrinos. However, if we give up this assumption, then the CP sensitivity could go in either direction. The impact on expected octant of θ 23 and mass hierarchy sensitivity is shown to depend on the magnitude of the sterile mixing angles in a nontrivial way.
I. INTRODUCTION
The field of neutrino oscillations is on the verge of its final leap forward. The threegeneration paradigm has been firmly established and the leading oscillation parameters are determined to very high precision. The last of the neutrino oscillation parameters are expected to be measured with unprecedented precision in the next generation long baseline experiments. In particular, the questions regarding CP violation in the lepton sector, the order of the neutrino masses and the octant of the mixing angle θ 23 are expected to be answered within the next decade. The most promising experiments that the neutrino community is looking forward to in this regard are the Deep Underground Neutrino Experiment (DUNE) in USA [1] [2] [3] [4] and the Tokai to Hyper-Kamiokande (T2HK) experiment in Japan [5] . The question on neutrino mass hierarchy should be the first to be resolved with the expected sensitivity reach of DUNE being more than 5σ. The detector for the T2HK experiment in Japan is proposed to be placed at only 295 km and hence with a narrow-band beam peaked at about 0.6 GeV, the expected matter effects in T2HK is low and its mass hierarchy sensitivity rather poor. To circumvent this problem there is a proposal to shift one module and hence half of the HK detector to a location in Korea at a distance of 1100 km. This proposal is referred to as T2HKK (Tokai to Hyper-Kamiokande Korea).
1 This brings a more than 3σ discovery potential for a large fraction of the true CP phase δ 13 (true).
While DUNE is expected to discover CP violation at the 3σ level for 75% of the true δ 13 (with 1320 kt. MW. year) [3] , T2HK is expected to discover it at the 5σ level for 55-60% of the true δ 13 [6] . The question on the true octant of θ 23 should be settled at the 5σ level for sin 2 θ 23 (true)< 0.43 and sin 2 θ 23 (true)> 0.59 with data at DUNE and for sin 2 θ 23 (true)< 0. 46 and sin 2 θ 23 (true)> 0.56 with data at T2HK [5] .
Even though neutrino oscillations within the three-generation framework is well established, anomalous hints of neutrino oscillations at a higher frequency corresponding to a mass squared difference ∆m 2 ∼ 1 eV 2 have been around since a long time [7] . The first such claim came from the LSND experiment [8, 9] in Los Alamos, USA, where aν µ beam was sent to a detector and the observations showed a 3.8σ excess in the electrons (positrons) which could be explained in terms ofν µ →ν e oscillations driven by ∆m 2 ∼ 1 eV 2 . This oscillation claim was tested by the KARMEN [10] and MiniBooNE [11] [12] [13] experiments. While KAR-MEN data did not show any evidence for ν µ → ν e oscillations, it was unable to rule out the entire parameter space allowed by LSND. More recently, the MiniBooNE experiment ran in both the neutrino as well as antineutrino mode. The MiniBooNE collaboration concluded that while they did not see any electron excess in their neutrino event sample consistent with LSND, their antineutrino data shows an excess confirming the oscillations seen by LSND.
MiniBooNE reported an excess of electrons/positrons at low energies in both neutrino as well as antineutrino modes, however these excess events are not coming from neutrino flavor oscillations.
More recently, anomalies in the reactor antineutrino flux measurements [14] [15] [16] and the gallium experiments calibration data [17] [18] [19] [20] [21] have also hinted at the possibility of ν e (orν e ) oscillations with ∆m 2 ∼ 1 eV 2 . Since it is not possible to accommodate this extra mass squared difference within the three-generation framework, one needs to add at least one additional light neutrino species and since the Z decay width constrains the number of light neutrinos coupled to the Z-boson to be 2.9840±0.0082 [22] , the additional neutrino(s) should not have any standard model gauge interactions. These neutrinos are hence called sterile for this reason. With one additional sterile neutrino, one could have a neutrino mass spectrum of the so-called 2+2 or 3+1 type [23] , where the former has two lighter neutrinos separated by two heavier ones by ∆m 2 ∼ 1 eV 2 , while the latter has one heavier state separated by three lighter ones by ∆m 2 ∼ 1 eV 2 . The 2+2 mass spectrum predicts oscillations involving the sterile neutrino in either the solar or the atmospheric neutrino sectors. Since neither of the two data sets allow this, the 2+2 spectrum is heavily disfavored by the solar neutrino and atmospheric neutrino observations, as well as from bounds on the sum of neutrino masses from cosmology [24] . The 3+1 spectrum on the other hand predicts low admixture of the sterile neutrinos in solar and atmospheric neutrino oscillations and hence survives. It also has only one heavy mass state instead of two and hence has less issues with the bounds from cosmology. Nonetheless, the global analysis of all relevant data sets that constrain the 3+1 parameter space returns a goodness of fit of only 19% [25] . The main problem with the 3+1 scenario is the tension between the appearance data in LSND and MiniBooNE and the disappearance data of ν µ at at experiments like CDHS and MINOS.
It has been pointed out [26, 27] that the sensitivity of long baseline experiments to standard neutrino oscillation parameters such as neutrino mass hierarchy, CP violation and octant of θ 23 gets compromised in the presence of sterile neutrino(s). As we will discuss, this happens because even though the oscillations due to the ∆m 2 ∼ 1 eV 2 frequency average out at the long baselines, the impact of the additional mixing angles and phases due to the additional sterile neutrinos stay in the relevant oscillation probabilities. The expected sensitivity of the DUNE near detector to the sterile neutrino parameters themselves was studied in [28] while the corresponding sensitivity of the DUNE far detector to these parameters were presented in [29] . The expected sensitivity of T2HK to the sterile neutrino parameters has been studied recently in [30] . The impact of sterile neutrinos on the sensitivity to standard oscillation parameters in T2K and NOνA was discussed in [26, 31, 32] , and in DUNE in [27, 29, [33] [34] [35] . In particular, the expected change to standard neutrino parameter sensitivity of DUNE for the 3+1 scenario has been given in [29, 35] , taking into account the marginalisation of the sterile neutrino as well as the relevant standard oscillation parameters.
In this work we focus on two main purposes. Firstly, we consider the impact of sterile neutrino mixing in the 3+1 scenario on the physics reach of the T2HK and T2HKK set-ups.
We calculate the expected sensitivity to neutrino mass hierarchy, CP violation and octant of θ 23 both in the absence (referred to as the 3+0 case) as well as presence (referred to as the 3+1 case) of a sterile neutrino. Secondly, we present combined analysis of the T2HKK set-up with DUNE to check for possible synergies between the two experiments. We present the expected sensitivity of the T2HK and T2HKK set-ups to the oscillation parameters in both 3+0 and 3+1 scenarios.
The paper is organised as follows. We will discuss the oscillation probabilities in the 3+1 case in section II. The simulation procedure will be given in section III, while the experimental configurations considered in our analyses will be specified in section IV. We will discuss our results and present the expected sensitivities of the T2HK, T2HKK and T2HKK+DUNE configurations in section V. Finally, we will conclude in section VI.
II. STERILE NEUTRINO HYPOTHESIS
In order to explain the short baseline anomalies [7] , one or more extra neutrino states of mass squared difference ∼ 1 eV 2 are proposed. But the LEP data suggests that these extra neutrinos must be singlet under standard model gauge group. Thus they are called sterile neutrinos. For the 3+1 case, the full neutrino mixing matrix will have six mixing angles, three phases and three mass-squared differences. This mixing matrix can be parametrized in the following way:
Here, O(θ ij , δ ij ) are 4 × 4 orthogonal matrices with associated phase δ ij in the ij sector, and R(θ ij ) are the rotation matrices in the ij sector. Since ∆m 2 41 ∼ 1 eV 2 , the oscillations driven by this mass parameter would be averaged out at the far detector of T2HK, T2HKK
as well as DUNE. We can see that in this parametrisation, the vacuum ν µ → ν e oscillation probability is independent of the θ 34 mixing angle and the associated phase. However, in the long baseline experiments like DUNE or T2HKK, there is enough matter effects so that this independence is lost and the neutrino appearance probabilities do exhibit a significant dependence on them at these long baseline experiments [27] .
Again, ν e appearance probability in vacuum contains some terms which are dependent on sine and cosine of δ 13 , δ 24 and (δ 13 + δ 24 ). These interference terms connecting the mixing angles from both 3+0 and 3+1 model, can not only enhance the amplitude of the probability but also affect the sensitivity of long baseline experiments [27, 35] . So keeping this in mind,
here we study the effect of this new mass eigenstate at the far detector of these experiments.
III. SIMULATION PROCEDURE
In our analysis we have used GLoBES (Global Long Baseline Experiment Simulator) [36, 37] to perform all our computations, along with additional sterile neutrino codes [38, 39] .
In all the results presented in this paper, we do a full four-generation analysis in the 3+1 framework and calculate the oscillation probabilities in matter using exact numerical codes.
Through out this analysis we choose the true values of the standard neutrino oscillation parameters as follows [40] : [46] (see also [47] ). The phases are completely unconstrained at the moment.
Since there is a certain degree of uncertainty regarding the active-sterile mixing angles, we perform our analysis for two sets of benchmark true values:
where the former is the set of smaller values of the mixing angles, while the latter are at the higher values. The marginalisation over these mixing angles are done in the range θ 14 ≤ 13 2 Recently, in [49] , the authors have put strong constraints on the sterile mixing angles from global analysis.
The upper limit, used in this work for θ 34 is far outside the range specified in [49] . But we have explicitly checked our results with the new constrain on θ 34 and found that the results reported in this work will not change by 5%.
IV. EXPERIMENTAL SETUP
A. T2HK
The Hyper-Kamiokande (HK) [5] is the upgradation of the Super-Kamiokande (SK) [50] program in Japan, where the detector mass is proposed to be increased by about twenty times the fiducial mass of SK. The main purpose of this huge detector is to pursue neutrino and proton decay study. The proposed HK consist of two 187 kt water Cherenkov detector modules, near the current SK site, 295 km away and 2.5
• off-axis (OA) from the J-PARC beam which is currently being used by the T2K experiment [6] . The long baseline experiment T2HK has similar physics goals as DUNE, but being a narrow beam it can be complimentary to the DUNE experiment. In this article we will alternately call this set-up T2HK or JD×2
which stands for the two modules of Japan Detector.
For our analysis we have taken a beam power of 1.3 MW and 2.5
• off-axis flux. We consider a baseline of 295 km and total fiducial mass of 374 kt (assuming two tanks each of 187 kt). Total run time of 10 years is divided between neutrino and anti-neutrino mode in 1:3 ratio. For the energy resolution, we assume a Gaussian function of width 15%/ √ E.
We have matched the number of events given in TABLE II and TABLE III of [6] . The signal normalization error in ν e (ν e ) appearance and ν µ (ν µ ) disappearance channel are 3.2% (3.6%) and 3.9% (3.6%), respectively. The background and energy calibration error in all the channels are 10% and 5%, respectively.
B. T2HKK
In [6] , the collaboration has discussed the possibility of shifting the second detector module of the HK setup to Korea. Thus, T2HKK experiment will have two sets of detectors;
one at the HK site at a baseline of 295 km and the other one at Korea at a baseline of ∼1100
km. The second detector module will be a 187 kt water Cherenkov detector identical to the HK detector module in Kamioka. The second oscillation maximum takes place near E ν = 0.6
GeV at the ∼1100 km baseline. If the detector is placed at 2.5
• off-axis, the peak energy of the narrow beam coincides with the second oscillation maximum at 0.6 GeV. We will refer to this set-up alternately as T2HKK or JD+KD which impleis one detector at Japan while the other at Korea. The background and systematic uncertainties are kept same as T2HK. In our analysis, we have assumed that a Liquid Argon (LAr) detector of fiducial mass 34 kt will be installed at a baseline of 1300 km and the 120 GeV-1.2 MW proton beam will deliver 10 20 protons on target per year. We assume total run time of 10 years which is equally divided between neutrinos and anti-neutrinos and this will give a total exposure of 35 × 10 20 kt-POT-yr. The energy resolution considered here for µ and e are 20%/ √ E and 15%/ √ E, respectively. We have combined both ν e appearance and ν µ disappearance channels, both in neutrino and anti-neutrino mode. The signal efficiency is taken to be 85%.
All other backgrounds are taken from [3] . In the ν (ν) mode, the signal normalisation error is 2% (5%), the background normalisation error is 10% (10%) and the energy calibration error is 5% (5%). The choice of systematics is conservative compared to the projected systematics in [3] .
In Table I , we give the total number of expected events for all channels in all the three experiments for both the 3+0 and the 3+1 scenarios. The value of all the phases have been taken as zero, while θ 23 = 45
• . The values of the other oscillation parameters used have been given before in section III. For both JD and KD we divide the total run time of 10 years in the ratio of 1:3 between ν andν, while in DUNE the ratio is 1:1. The events in the 3+1 case is generated for the smaller set of mixing angles given in section III. we take δ 13 = 0 0 while in the 3+1 case, all the three phases are taken as zero. For both JD and KD we divide the total run time of 10 years in the ratio of 1:3 between ν andν, while in DUNE the ratio is 1:1. The events in the 3+1 case is generated for the smaller set of mixing angles given in section III. The take θ 23 = 45 • for all cases. The values of the other oscillation parameters taken are given in section III.
V. RESULTS

A. Numerical probabilities
In this section we present some of our results at the probability level in order to understand the physics potential of these experiments. The Fig. 1 gives the bi-probability plots for JD (the Japan detector at 295 km) at its first oscillation maximum at 0. curves even for the 3+0 case and for both LO and HO. This reflects the fact that JD has a smaller baseline and energy and hence small matter effects. As a result, the sensitivity of JD to CP violation is expected to suffer from mass hierarchy degeneracy. As we switch on the sterile neutrino mixing, the sharp bi-probability lines start to spread and there is a whole band of bi-probabilities coming from the fact that now in addition to δ 13 there are 2 additional phases δ 24 and δ 34 . The bi-probability bands for the different colors representing different cases start to overlap more with each other. The overlap increases significantly as we increase the sterile mixing angles, shown in the top-right panel, owing to the fact that the effect of the phases δ 24 and δ 34 increase. The corresponding bi-probability results for the KD baseline and peak energy of 0.66 GeV is shown in the lower panels. As for JD, the bi-probability curves for 3+0 overlap between the different hierarchies even for KD, but the overlap is less. As we switch on the sterile mixing angle (bottom-left panel) the bi-probability lines blur into a band, though the spread in the case of KD appears to be slightly less. As the sterile mixing angles increase (bottom-right panel) the blurring increases showing the increased effect of the phases associated with the sterile mixing angles. We have checked that the main contribution to the blurring of the bi-probability plot comes from the phase δ 24 . The effect of δ 34 is subdominant, although non-zero.
Here in Fig. 2 , we show the CP violation in terms of an asymmetry defined at the probability level to provide some additional insight. We define the CP asymmetry as
The left panel of sector. We can also see from the plots that with higher mixing, widths of the bands increase and hence the uncertainties in the CP-sector introduced by the sterile phases increases. We also note that the CP-asymemtry is significantly higher for KD than for JD. The reason is that, the shape and magnitude of the curves largely depend on the baseline and energy value chosen, or more precisely on the L/E factor.
The Fig. 3 shows the MH-asymmetry for JD(left) and KD(right) baselines at a fixed energies of 0.5 GeV and 0.66 GeV, respectively. The MH-asymmetry is defined as:
In NH we have taken ∆m Fig. 3 , we can see the effect of the new physics at the probability level. We can see naively that at the probability level it appears that for the 3+1 scenario, the mass hierarchy asymmetry has a chance of either increasing or decreasing compared to its 3+0 expected reach, depending on the true values of δ 24 and δ 34 . We can see that with the increase of the sterile mixing angles the effect increases. As in Fig. 2 , we find that the MH-asymmetry expected in KD is more than in JD and the reason for this is its higher chosen energy value and earth matter effects. 
B. Statistical χ 2
We define the χ 2 (statistical) as follows:
, where n true i
and n test i are the event rates that correspond to data and fit in the i th bin and f represents the nuisance parameters. For JD, KD and DUNE, we have 24, 10 and 39 bins respectively. Here in this definition, n test changes according to the sensitivity studied for a particular model. We have marginalised over the systematic uncertainties for each experiment as given in section IV.
C. CP sensitivity
In this section, we present our CP violation sensitivity results in the presence of a light sterile neutrino. That is, we are addressing the following question: If CP is violated in Nature, then at what C.L., T2HK(JD×2) and T2HKK(JD+KD) can exclude the CP conserving scenarios in the presence of a sterile neutrino? In the 3+1 scenario, we have two more phases θ 24 and θ 34 in addition to the standard CP phase δ 13 . So while studying CP violation sensitivity of these experiments in the presence of sterile neutrinos, we consider the following two situations:
1. CP is violated and we do not know the source of its violation. That is, it can be due to any of the three phases.
2. CP is violated and we know the source of its violation. For instance, say we assume that it is due to the standard Dirac CP phase δ 13 .
As explained above, we have presented our results for two sets of sterile mixing angles and for each set we fix the standard oscillation parameters to their best fit values in 'data' and vary all the three true phases in their full range [−π, π]. While answering the question of CP violation in the first scenario, we generate the data at a given true value of δ 13 , δ 24 and δ 34 and calculate the ∆χ 2 min by considering all the eight possible CP conserving scenarios in the 'fit'. We marginalise over a fine grid of θ 14 , θ 24 , θ 34 in their allowed range in the 'fit'. In addition, we have marginalised over the test θ 13 in its 3σ allowed range. case when the sterile mixing angles are kept at their limiting benchmark value. In both cases these are the value of the sterile mixing angles in the 'data', kept fixed in the entire band, while in the 'fit' they are marginalised as discussed above. We observe that for all δ 13 (true) which give more than 5σ CP sensitivity, the cyan band almost lies below the blue line. So for relatively small 3+1 mixing angles, sensitivity to CP violation in the 3+1 case decreases compared to the standard 3+0 case. But as the mixing angles increases, the 3+1 grey band spans both sides of the 3+0 plot. In the 3+1 case, as discussed in [35] , there are two effects that come into play. Firstly, the number of parameters to be marginalised in the 'fit' is higher than the 3+0 case and marginalising over a large number of parameters brings the χ 2 min down. Secondly, effect of the variation of the true phases changes with the variation of the true values of the mixing angles. When mixing angles are small, effect of the true phases are also small and hence the first effect dominates the second one. As a result, the χ 2 min decreases compared to the 3+0 case. But as the true mixing angles increase, effect of the variation of the true phases increases simultaneously and as a result the width of the grey band increases. So for higher values of the mixing angles, the second effect tends to increase the χ 2 min and as a result overall sensitivity increases and the grey band spreads on both side of the 3+0 plot.
As seen from Fig. 4 , T2HKK (JD+KD) has slightly better sensitivity to CP violation in the 3+0 case than T2HK(JD×2). But in the 3+1 case, we observe that T2HK and T2HKK have almost equal sensitivity to CP violation at δ 13 = ±π/2 when mixing angle are large.
But for smaller mixing angles, T2HKK gives slightly better sensitivity than T2HK (JD×2).
Also note that in the 3+1 case, we have non zero CP violation sensitivity even at the CP conserving values of δ 13 (true). For the higher mixing angle case and for δ 13 (true)= 0 or ±π, we have more than 3σ CP violation sensitivity for δ 24 To address the second scenario we consider the CP conserving cases for δ 13 alone in the 'fit' while we have marginalised over the two new phases δ 24 and δ 34 in the allowed 3σ range.
All other 3+1 mixing angles and θ 13 are marginalised as explained above. The results are shown in Fig. 5 , where we observe that the CP violation sensitivity in the 3+1 case decreases compared to the standard 3+0 sensitivity in all the three experimental set-ups. Both the cyan and grey bands lie below the 3+0 sensitivity plot for all true δ 13 . We also observe that the minima of the grey band is nearly at the same level in T2HKK and DUNE+T2HKK
while it is slightly lower in the case of T2HK. From Fig. 5 (Fig. 6) , we observe that restricting the source of CP violation to only δ 13 ( δ 24 ) in the 'fit' brings down the sensitivity . In the previous case (Fig. 4) , we have considered only eight combinations of the phases in the 'fit' while in this case we have marginalised over two phases in their full allowed range.
Marginalising over a large number of parameters lead to decrease in sensitivity.
In Fig. 6 , we have shown the results for CP violation due to δ 24 and here the width of the bands are due to the variation of δ 13 (true) and δ 34 (true) in their full allowed range.
Also in the 'fit' we have marginalised over these two phases in their full range and choose
CP conserving values for δ 24 . CP violation sensitivity in this case is much lower than the previous two cases and the two bands are well separated from each other. So if there is a sterile neutrino and CP violation is considered to be solely due to δ 24 , then T2HK and T2HKK can measure it at 3σ C.L. only for some fraction of true δ 24 and as seen from Fig. 6 , T2HK is better than T2HKK. Even after combining with DUNE, we can achieve 5σ CP violation sensitivity for some fraction of true δ 24 only around the peak when the mixing angles are large.
CP Violation sensitivity if hierarchy is unknown
The results presented in the previous section is under the assumption that the mass hierarchy will be known by the time of operation of these experiments. We have also checked the CP violation sensitivity for the true inverted hierarchy and the behaviours of the results are consistent.
In this section we show the CP violation sensitivity in the 3+1 case without fixing the mass hierarchy to its true case in the 'fit'. In Fig. 7 we show the results for expected CP violation sensitivity for the first scenario where we rule out CP conserving values of all the three phases and with marginalisation over MH in the 'fit'. We have assumed the NH to be true in this figure. That is, for each 'simulated data' case we find the χ 2 for eight combinations of The results are for true normal hierarchy.
CP conserving phases for each hierarchy in the 'fit' and hence sixteen combinations in total.
The minimum ∆χ 2 min amongst these sixteen combinations are plotted in Fig. 7 as a function of δ 13 (true) where the full range of δ 24 (true) and δ 34 (true) are represented in the bands.
Marginalisation over other parameters are same as explained in the previous subsection.
The regions between the two cyan lines represent the CP violation sensitivity for the small mixing angles benchmark point, while the grey band depicts the sensitivity for the higher mixing angles benchmark case. The blue dashed lines show the 3+0 sensitivity for each of the three experimental set-ups. We observe that in the 3+0 scenario, CP violation sensitivity decreases significantly for T2HK, specially in the upper half plane (UHP) (δ 13 (true) > 0) if the MH is taken to be unknown. For T2HKK although there is a drop in the sensitivity in the UHP for the 3+0 case compared to its counterpart in Fig. 4 , the effect of marginalising over hierarchy is less here than for T2HK. This happens because KD can resolve the mass hierarchy degeneracy to a large extent in the T2HKK set-up. Once we combine DUNE with T2HKK, the effect of the unknown hierarchy almost vanishes. On the other hand in presence of a sterile neutrino, the CP violation sensitivity decreases if the new mixing angles are small. But for the larger mixing angles case, the sensitivity increases in the UHP and for some combinations of δ 24 (true) and δ 34 (true), we can have more than 5σ sensitivity at δ 13 = +π/2 for T2HK. Adding DUNE not only enhances the sensitivity but also nullifies the effect of unknown MH even in the presence of a sterile neutrino.
D. Mass hierarchy sensitivity
In this section, we discuss the expected sensitivity to neutrino mass hierarchy of T2HK
and T2HKK in the 3+1 scenario. For that we generate the data at a given true MH and 'fit' it with the wrong hierarchy. We marginalise over all the three phases in the 'fit' and all the sterile mixing angles and also |∆m 2 31 | and sin 2 θ 23 . Here we have not marginalised over θ 13 due to computational challenges. We have seen in Fig. 3 that the MH-asymmetry can change due to the presence of sterile neutrino mixing. However, there we have done everything only at the probability level and for fixed values of oscillation parameters as well as for a fixed energy. We will now show how the expected sensitivity to MH changes due to sterile neutrinos from a full analysis of expected data, when one takes all relevant marginalisation into account.
The results for T2HK and T2HKK for both NH (upper panel) and IH (lower panel) as true are shown in Fig. 8 . The presentation and description of the bands are same as that in the previous subsection. We observe that the sensitivity to mass hierarchy in presence of a sterile neutrino changes significantly in both the experiments. We have explicitly checked the effect of marginalisation on mass hierarchy sensitivity. Here also, we notice the two features discussed in section V B. We observe that, 1. For the higher sterile mixing angles, the impact of the variation of the true phases increases and it tends to increase the χ 2 min . For smaller sterile mixing angles, we observe that the width of the cyan band is small in both the hierarchies and the sensitivity for the 3+1 scenario in this case is nearly same as 3+0. In case of T2HK, the cyan band swings around the 3+0 plot but in T2HKK, it lies below the 3+0 line for most of the δ 13 (true) values, in both the hierarchies. However, the mass hierarchy sensitivity seems to increase for the larger mixing angle case. This apparently appears counter-intuitive to what we have observed in Fig. 1 where the overlap between the bi-probability plots was seen to increase when we increased the sterile mixing angles, making it appear as though the sensitivity to mass hierarchy would decrease as the sterile mixing angle was increased. We can also note that in Fig. 8 the grey band does not span equally on both side of the cyan band. Instead the two bands get separated for most values of δ 13 (true). This again appears to be in contrast to Fig. 3 where the cyan band was embedded nearly symmetrically inside the the grey band. The reason for both these apparent conflicts can be traced back to the impact of marginalisation of the mass hierarchy χ 2 over |∆m 2 31 |. We have checked that the marginalisation over |∆m 
Effect of marginalisation over test |∆m
E. Octant Discovery
In this section, we study the octant discovery potential of T2HK and T2HKK in the 3+1 scenario. We also present a combined analysis of T2HKK with DUNE. We consider the same benchmark value of true θ 23 for which we have shown the bi-probability plots in Fig. 1 . We then show the potential of these experiments to exclude the wrong octant for the two sets of sterile mixing angles. In data, we vary all the three phases, as discussed above, we show the band of ∆χ 2 min as a function of the δ 13 (true). The band corresponds to the full range of δ 24 (true) and δ 34 (true). In the 'fit', we marginalise over the sterile mixing angles and the phases in their allowed ranges. In addition, we marginalise over θ 13 and for a true LO (HO), θ 23 is marginalised in the HO (LO). We consider the full 3σ allowed range for both θ 13 and θ 23 . We show the results only for the assumed true normal mass hierarchy.
From Fig. 9 , we observe that the potential of T2HK to exclude the wrong octant is slightly higher than for T2HKK. If LO is the true octant in the standard 3ν scenario, then both T2HK and T2HKK can exclude the wrong HO at 5σ for all δ 13 (true). However for true HO, excluding the LO is not possible at 5σ for all δ 13 (true), though the expected sensitivity reach is seen to remain high. In the presence of a sterile neutrino, the expected sensitivity gets modified and we observe that for small sterile mixing, the potential to exclude the wrong HO is significantly less than the standard 3+0 case. For large mixing angles, the width of the band increases and for some combinations of δ 24 (true) and δ 34 (true), the grey band slightly crosses the 3+0 plot for some fraction of δ 13 (true). On the other hand for true HO, the standard 3+0 plot lies within the grey band while the cyan band lies below it except for some small fraction of δ 13 (true) around zero. Also, one can note that for large sterile mixing angles, some combinations of the new phases give more than 5σ HO discovery potential for both the set up.
If we add DUNE with T2HKK (Fig. 10) , the octant discovery potential changes significantly. For large (small) sterile mixing angles, if LO is the true octant, then it is possible to exclude the HO at 5σ for all δ 13 (true) (all δ 13 (true) except some fraction around δ 13 (true)= ±π), irrespective of the true values of the other two phases. Even in the case of true HO, we can rule out the LO at 5σ C.L. except for some fraction of δ 13 (true).
VI. SUMMARY & CONCLUSION
The final word on existence or nonexistence of sterile neutrino oscillations is yet to be affirmatively answered. The LSND hint forν µ →ν e oscillations as well as the reactor and gallium experiment anomalies demand that there be an extra light neutrino state which must be sterile with ∆m In this work we studied the impact of this active-sterile mixing angles and new phases on the physics reach of the T2HK and T2HKK proposals. We also studied the combined sensitivity reach of T2HKK and DUNE. We showed the impact of the sterile mixing angles and phases on T2HK and T2HKK using the bi-probability plots. We further illustrated the expected CP violation sensitivity for T2HK and T2HKK by plotting the the CP asymmetry as well as the mass hierarchy asymmetry as a function of the standard CP phase δ 13 while the sterile phases δ 24 and δ 34 were allowed to vary in the full range. In all cases we showed the corresponding line for the standard 3+0 case in order to illustrate the change brought by the 3+1 scenario. As expected these plots showed that the spread in the sensitivity due to the sterile sector increased as the sterile mixing angles increased.
We showed the expected CP violation sensitivity of T2HK and T2HKK, and the combined CP reach of T2HKK+DUNE as a function of δ 13 (true), while δ 24 (true) and δ 34 (true) were allowed to take any value in their full range [−π, π] and the corresponding band was plotted.
This study was performed first by checking against CP conserving cases for all three phases δ 13 , δ 24 and δ 34 in the 'fit' and then by checking only against the CP conserving cases for δ 13 and marginalising over the others. It was shown that while in the latter case it might appear that the CP violation sensitivity of the experiment is going down, in the former more general case the sensitivity might even increase over that expected for the 3+0 case for some value of δ 24 (true) and δ 34 (true). The combined T2HKK+DUNE data could give us a CP violation sensitivity of more than 12.5σ for certain values of δ 24 (true) and δ 34 (true) and δ 13 (true) = π/2. Also, even for δ 13 (true) = 0
• we can get a greater than 5σ sensitivity for CP violation from the combined data from T2HKK and DUNE. We showed also the CP violation sensitivity in these experiments as a function of δ 24 (true) when δ 13 (true) and δ 34 (true) were allowed to take all possible values and the corresponding sensitivity was plotted as a band.
Finally, we showed the CP violation sensitivity by marginalising over the hierarchy. It was seen that the CP sensitivity of T2HK for δ 13 (true) = π/2 goes down. However, for T2HKK
and T2HKK+DUNE the sensitivity remains mostly unchanged mainly due to the fact that these set-ups are able to resolve the issue of hierarchy themselves owing to their longer baselines.
We also showed how the expected mass hierarchy sensitivity of T2HK, T2HKK and T2HKK+DUNE changes in the presence of sterile mixing. Here the effect of increasing the value of the sterile mixing angle was shown to have an interesting effect on the corresponding expected sensitivity of the T2HK and T2HKK set-ups. When the sterile mixing angles are taken to be small, the neutrino mass hierarchy sensitivity of T2HK and T2HKK is seen to deteriorate in the 3+1 case compared to the 3+0 case, for some values of δ 13 (true), δ 24 (true) and δ 34 (true). However, when the sterile mixing angles were increased the mass hierarchy sensitivity of T2HK and T2HKK increased for nearly all values of δ 13 (true), δ 24 (true) and δ 34 (true). The reason for this behavior was traced to the effect of marginalisation over |∆m 2 31 |. Finally, we presented the expected octant of θ 23 sensitivity of T2HK, T2HKK and T2HKK+DUNE in the 3+1 scenario. We showed at results for both choices of LO and HO and for two sets of true sterile mixing values and the full range of all the three phases δ 13 (true), δ 24 (true) and δ 34 (true). Again for this case, the expected octant sensitivity appears to be mostly decreasing in the 3+1 case compared to the 3+0 case when the mixing angles are small. But when the true sterile mixing angles are taken to be larger, the octant sensitivity is seen to improve for some sets of values of δ 13 (true), δ 24 (true) and δ 34 (true), especially for T2HKK and T2HKK combined with DUNE.
